Abstract -Two-year-old cuttings of five genotypes of maritime pine (Pinus pinaster Ait.) were subjected to a four-month treatment of slowly decreasing water availability in pots. Final predawn needle water potential varied from -0.82 to -1.48 MPa, and was negatively correlated with plant size. Osmotic adjustment was estimated as the slope of the regression line fitted between relative water content (RWC) and osmotic potential (Ψπ) assessed during the drying cycle, and as the value of the relative water content for a given level of Ψπ (i.e. Ψπ = -1.7 MPa). Under the experimental conditions, the genotypes showed a high capacity for osmotic adjustment in needles, and one genotype distinguished itself with a smaller capacity. The results are discussed in terms of protocol and interpretation when ranking genotypes for osmotic adjustment.
INTRODUCTION
Maritime pine (Pinus pinaster Ait.) is widely established in monospecific stands and is found over more than 4 million ha in southwestern Europe and northern Africa. In France, this species is bred according to a recurrent selection scheme, for growth capacity and stem straightness, and the breeding population is presently in its third generation [2] . In the context of global change, breeders are particularly interested in selecting genotypes which maintain growth performance under drought conditions. Because of its high stomatal sensitivity to soil water deficit, maritime pine is considered to be a drought-avoiding species [13, 27] . Earlier studies have revealed variability in ecophysiological response to drought among geographical races [11, 12, 14, 15, 24, 25, 27] and among full-sib families within a French population [14] . The need for standard screening tests is hampered, however, by the difficulty in characterizing water stress tolerance.
Promising perspectives have arisen with the measurement of water use efficiency via the isotopic approach (i.e. 13 C [14, 27] ). Other studies have aimed at identifying drought-responsive proteins [9, 10] , or quantitative trait loci (QTL) of diverse physiological traits believed to be related to drought resistance [8] . There is however insufficient knowledge about the adaptative processes involved for evaluating the water stress tolerance of a genotype. Osmotic adjustment (OA), defined as the lowering of osmotic potential due to net solute accumulation, is recognized as a major component of drought resistance for annual and woody plants [7, 22, 26, 32, 33] . Reduced osmotic potential allows the plant to maintain turgor, and therefore turgor-dependent processes such as cell expansion and stomatal aperture, even at low water potential. From a previous experiment, we have evidence of osmoregulation in roots tips of a drought-resistant Pinus pinaster population from Morocco [24] . Fernandez et al. [11] found a significant decrease in osmotic potential at full turgor in P. pinaster shoots subjected to water stress treatment. In contrast to these results, Picon-Cochard and Guehl [28] did not observe soluble carbohydrate accumulation in P. pinaster seedling needles subjected to a soil drying cycle. But insufficient duration and severity (-0.25 MPa day -1 ) of the applied water stress in this last study probably suppressed the expression of OA [1, 6, 16, 31] .
In the present study, two-year-old cuttings of several P. pinaster genotypes were submitted to gradual soil water depletion. The objectives were to assess the occurrence of OA in needles and to quantify the degree of OA for adequate genotype comparison. The most commonly used methods to quantify the OA capacity of plants are via: (i) regression of leaf relative water content (RWC) against leaf osmotic potential (Ψπ) [21] , (ii) extrapolation of the osmotic potential for stressed plants to the rehydrated state [20] , (iii) osmotic potential of stressed plants that have been rehydrated [4] . The first method requires measurement of RWC and Ψπ at intervals during a drying cycle. The two other methods are more suitable for screening large numbers of genotypes, but as the OA magnitude depends on the degree of water stress, the measurements must be performed all at the same tissue water status. When diverse genetic materials are compared, this last condition requires normalization for plant tissue water deficit, which is critical when the genotypes also differ in size, root traits or any other plant factors that determine the rate of plant dehydration in a pot. These differences are often enhanced in woody material compared to herbaceous plants. Recently, Babu et al. [1] compared these three methods on the same plant material (12 rice cultivars) and found a wider range of OA values estimated with the first method than with the two other methods. Method (i) has been applied widely to crop plants [18, 19, 21, 36] but apparently never to woody species. In the present work, we evaluate the possibility of using this method to differentiate genotypes for OA in P. pinaster.
MATERIALS AND METHODS

Plant material and water stress application
Cuttings, propagated from five maritime pine seedlings (Pinus pinaster Ait.) were provided by the Forest Genetics and Breeding Laboratory (INRA, Bordeaux-Cestas). These five genotypes (A241, A250, A395, B96, C55) were obtained by self-pollination of hybrids resulting from crosses between an atlantic and a mediterranean population (Landes × Corse), selecting for growth capacity and stem straightness. Three cuttings per genotype were obtained for this study. These cuttings were first grown in a greenhouse for six months, and then transplanted into 4 L containers filled with 1/1/1 of sand/peat/bark (v/v/v) and nutrients (10 g of Osmocote Plus, Scotts France; 15% N, 10% P, 12% K, 2% Mg). The cuttings ranged from 34 to 71 cm (Hi = initial height) when two years old. They were randomly distributed on a table in a glasshouse and grown at day/night temperatures of 25 ± 5°C/17.5 ± 2.5°C and 70 ± 10% relative humidity for 124 days of water stress treatment (May 3rd = day 0). During the first two weeks of water stress, 60% of the water required to attain field capacity was supplied to each pot every other day. The water supply was then reduced sequentially to 40%, 30% and 20% of that required for field capacity during respectively 1, 1 and 2 months (the water required for field capacity was calculated by weighing each well-watered pot before the water stress treatment). The container surface was covered with a synthetic sponge to minimize evaporation. The height increment (∆H) during the treatment period was assessed as the fraction of initial height.
Plant water relations
Predawn water potential (Ψ wp , MPa) was measured four times (after 0, 32, 74 and 124 days) with a Scholander pressure chamber [29, 30] on one-year-old needles of each plant. Immediately after each Ψ wp measurement, another needle was harvested and weighed for relative water content (RWC) and osmotic potential at full turgor (Ψ Π100 ) measurements. The proximal end was submerged, severed, and kept in water at 5°C in darkness (24 h) for full rehydration. The needle was then rapidly dried with a paper towel, weighed and frozen at -20°C in an Eppendorf tube. For the Ψ Π100 measurement, the needle was cut into small pieces (2-3 mm long) and placed in a 2 mL syringe: needle sap was squeezed out after freezing (in liquid nitrogen) and thawing. Sap osmolality was measured in 10 µL samples using a vapor pressure osmometer (Vapro R Model 5520, Wescor, Logan, USA). Needle dry weight (70°C, 48 h) was then determined. From these measurements, relative water content (RWC) and osmotic potential (Ψ Π ) were calculated as follows: RWC = (FW -DW) / (FW 100 -DW);
where: FW = needle fresh weight at predawn water potential; DW = needle dry weight; FW 100 = needle fresh weight at full hydration. Osmotic adjustment (OA), was considered to occur when the tissue behavior differed from that of a passive osmometer. In the case of a passive osmometer, ln RWC = -A ln (-Ψ Π ) + B, and A = 1 [21] . When the increase in solute concentration was more than that resulting from a decrease in water content (the passive component), then osmoregulation was active and A was less than 1. The degree of osmotic adjustment for each genotype was therefore studied through the relationship between ln RWC and -ln (-Ψ Π ) [21, 23] as the plants were submitted to gradual water stress. Some authors [5, 23, 34] have also expressed osmotic adjustment capacity as the relative water content, derived from the function fitted to the data, evaluated at a given Ψ Π . We chose to calculate RWC at -1.7 MPa (RWC -1.7 ), a value observed for all studied genotypes.
RESULTS AND DISCUSSION
Table I displays the mean values of predawn needle water potential (Ψ wp ). After 74 days of treatment, the genotype A241 exhibited significantly lower values than the other genotypes. Cuttings of this genotype were also the tallest (table II). Although whole plant leaf area was not estimated, it can be suggested that taller cuttings likely had larger transpiring leaf area and so consumed more water. When subjected to water limitation in a restricted rooting volume, these cuttings were expected to show rapidly decreasing values of water potential. Among all studied cuttings, a significant negative relationship was found between Ψ wp (day 124) and Hi: Ψ wp (day 124) = -0.0014 Hi -0.288; R 2 = 0.42; Pr > F = 0.013. Plant size was thus a source of water status variability, an effect that was accentuated when the seedlings were grown and submitted to water deficit in pots. The strictly genotypical influence on height, architecture and biomass traits, though not easy to evaluate, constitute drought resistance components through plant water requirements. For this reason, experiments at early ages are far from sufficient. Whatever the origin of plant size differences (genotypical or environmental), the effect of plant size is often not taken into account or even confounded with the effect of plant function [3] .
Height growth during the water stress treatment (∆H, table II) showed some variation among genotypes, but was mainly a response to better hydrated tissue: the effect of the final predawn water potential (Ψ wp , day 124) was highly significant for ∆H (F value = 3.22, Pr > F = 0.0073).
Both osmotic potential (Ψ Π ) and relative water content (RWC) declined with increasing stress and a positive relationship was found between them ( figure 1) . The regression coefficients were rather small (R 2 = 0.36 to 0.59) compared to values calculated for sunflower cultivars (R 2 = 0.70 to 0.97, n = 9 to 11, [5] ), but similar to some data for maize hybrids (R 2 = 0.61, n = 10, [17] ). This may be due to reduced precision in RWC and Ψ Π due to the structural rigidity and the presence of wax in conifer needles, which prevent adequate water exchange during tissue handling. Thus, increasing the number of samples per tested genotype is recommended for further studies.
All genotypes showed some degree of osmotic adjustment (i.e. the relationship differed from a line of slope 1) and a genotypical difference was demonstrated in table III by the significant interaction between the genotype and the logarithmic value of Ψ Π . This difference was, however, mainly due to the contrasted behavior of the genotype A241, which exhibited a high value of the regression slope. The slopes were much lower than those previously reported for rice lines (0.58 to 1.16, [19] ) or sunflower cultivars (0.5 to 1.6, [5] ), except for genotype A241 (0.277), which was similar to some maize hybrids (0.16 to 0.92, [17] ). These values indicate that the studied P. pinaster genotypes presented a great ability for OA. However, the very gradual drought applied in the present study (-0.28 to -0.75 MPa of Ψ wp variation in about 4 months) may have influenced the measured level of OA [6, 31] . While gradual application of stress is needed to allow plants to respond, if the stress develops too slowly, genotype differences may be difficult to detect when physiological responses are maximized. The small slopes found in the present study could reflect high solute accumulation provoked by Table I . Mean value ± standard deviation (N = 3 cuttings) of the predawn needle water potential (Ψwp). Within a column, means with the same letter are not significantly different at P = 0.05. The values of RWC -1.7 were found to vary between 87.6 and 91.1% ( figure 1) and decreased as the slope of the corresponding fitted line increased, confirming genotype ranking according to slope. The relative water content at a given Ψ Π , and the Ψ Π value varie with both investigator and species, summarize the effects of the variations in the ln RWC/(-ln (-Ψ Π )) relationship, and are calculated by many authors as an indicator of OA. The above reservations notwithstanding, our five studied genotypes would seem to show a greater capacity for OA than maize (RWC -1.64 = 54.5% to 77.7%, [17] ) or sunflower cultivars (RWC -1.7 = 41.1% to 91.1%, [5] ). Such a comparison between herbaceous species and wood species is limited in its physiological interpretation, since water loss occurs in maritime pine at a relative water content of around 80% (unpublished results), while it is mainly observed at 60-70% RWC [5, 35] for herbaceous plants.
Our results demonstrate the occurrence of OA by P. pinaster needles in response to a very gradually applied soil water deficit. Evaluating the degree of OA through the ln RWC / (-ln (-Ψ Π )) relationship is possible in this forest species, but the final protocol for a standard genotype testing system remains to be determined with the precautions emphasized in the present study. In addition, the values reported here should be interesting in comparison with similar experiments on other woody species. Estimating the value of OA as a selection criterion requires knowledge of the relationship between OA capacity and genetic differences in waterstressed growth performance.
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